The high-temperature atmospheric corrosion of Fe-Ni, Fe-Ni-Cr and Fe-Ni-Si alloys was studied using the 57 Fe transmission Mössbauer spectroscopy. The transmission Mössbauer spectroscopy measurements were performed for samples after annealing process in vacuum as well as after the exposure to air at 870 K. The analysis of the obtained spectra gives an important information about changes of chemical composition and formation of iron oxides in studied samples during air exposure. The results reveal that the addition of a few atomic percent of Si has a significant effect on corrosion resistance of Fe-Ni alloys. In the case of Fe-Ni-Cr samples the effect is much less noticeable and the observed oxidation behaviour is quite similar to Fe-Ni and Fe-Cr alloys.
Introduction
In our previous works, we have used 57 Fe Möss-bauer spectroscopy for the investigation of high temperature atmospheric corrosion of α-Fe as well as diluted Fe-Cr and Fe-Si alloys [1] [2] [3] . As it was shown, this experimental technique gives a valuable information about changes of chemical composition and formation of iron compounds in studied material caused by corrosion process [4, 5] .
In the present work, we decided to extend these investigations to Fe-Ni, Fe-Ni-Cr and Fe-Ni-Si alloys. These alloys as well as commercial steels based on them are used for a wide variety of applications due to their good soft magnetic properties as well as a low thermal expansion between room temperature and their Curie temperature caused by the Invar-effect [6] [7] [8] . Beside these physical properties also the corrosion behaviour under the environmental condition is important, because the physical properties can be influenced in a negative way by corrosion. Here, it is worth noting that the Möss-bauer study of oxidation of Fe-Ni alloys in air at high temperature was presented by Channing et al. in their classical work [9] . They showed a systematic growth of various iron oxides in Fe-Ni alloys, with four different Ni content, during exposure to air at 535 and 635
• C. Moreover, their results indicate that with increase of Ni content of the alloy, the oxidation rate decreased. At the same time, in available literature, there is a lack of complex Mössbauer corrosion studies of * corresponding author; e-mail: ridczak@ifd.uni.wroc.pl ternary Fe-Ni-Cr and Fe-Ni-Si alloys. Taking these facts into account, in present work, the emphasis was placed on determination of changes of Fe-Ni corrosion behaviour caused by addition of small amounts of Si or Cr. 99 .95% pure silicon, and 99.98% pure iron were placed into a water-cooled copper crucible and melted twice to ensure homogeneity. The weight losses caused by a melting process was below 0.15% of the initial weight so it was assumed that the chemical compositions of the obtained ingots were close to nominal ones. In the next step, resulting ingots were cold-rolled to the final thickness of about 40 µm. Then the foils were annealed in the vacuum furnace at 1270 K for 2 h and slowly cooled to the room temperature during 6 h. The base pressure during the annealing process was lower than 10 −4 Pa. Thanks to that procedure, obtained samples should be homogeneous and defect-free [10] . Finally, the annealed alloys were exposed to air at 870 K for different periods of time. Each step of samples processing was followed by 57 Fe transmission Mössbauer spectroscopy (TMS) measurements which were performed at room temperature by means of a constant-acceleration POLON spectrometer of standard design, using a 57 Co-in-Rh source with a full width at half maximum (FWHM) of 0.24 mm/s.
Experimental details

Samples preparation and measurements
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Data analysis
The measured TMS spectra were analysed using the thin absorber approximation, in terms of a sum of different number of single lines (singlets) and six-line patterns (sextets) corresponding to various isomer shifts IS, quadrupole splitting QS as well as hyperfine fields B at 57 Fe nuclei related to different chemical states of 57 Fe Mössbauer probes. For each sextet, the intensity lines ratio I 16 /I 34 was constant and equal to 3/1. The ratio I 25 /I 34 as well as three linewidths Γ 16 , Γ 25 and Γ 34 were free parameters. Moreover, it was assumed that the QS in a cubic lattice is equal to zero.
The analysis of the spectra taken for annealed samples revealed that all prepared Fe-Ni, Fe-Ni-Cr, and Fe-NiSi alloys are in the single phase with bcc structure. In the case of annealed Fe-Ni alloys, the obtained Mössbauer Fig. 1 , but for the Fe0.95Ni0.05 alloys. spectra could be described by a model which assumes that the influence of n Ni nickel atoms on B as well as the corresponding isomer shift IS of a subspectrum, is additive and independent of the Ni atom positions in the first two coordination shells of the nuclear probe [11] . The relationship between B, IS and n Ni can be written as follows:
where ∆B N i and ∆IS Ni stand for the changes of B and IS with one Ni atom in the first two coordination shells of the Mössbauer probe. To simplify the fitting procedure, the ∆B Ni values were fixed. On the basis of the Mössbauer data presented in [11] , it was assumed that ∆B Ni = 0.725 T for Fe 0.97 Ni 0.03 and ∆B Ni = 0.745 T for Fe 0.95 Ni 0.05 . In the case of ternary Fe-Ni-Cr and FeNi-Si alloys, this model should be extended to include the presence of n Cr chromium and n Si silicon atoms and their influence on B as well as IS at the 57 Fe nuclei. The influence of Cr atoms is also additive and independent of the Cr atom positions in the first two coordination shells of the nuclear probe [12] , so the relationship between B, IS, n N i , and n Cr for the Mössbauer spectra of annealed Fe-Ni-Cr alloys can be described by
It was assumed that ∆B Cr = −2.69 T and ∆IS Cr = −0.02 mm/s [12] . In the case of Si atoms dissolved in α-Fe, the influence of silicon atoms on 57 Fe nuclei is different. Firstly, only silicon atoms located in the first coordination shell of the 57 Fe atom have an observable influence on its hyperfine parameters. Secondly, this influence cannot be described by simple additive model. In particular, the ∆B 2Si which is the change of B caused by the presence of two Si atoms in the first coordination shell of the Mössbauer probe is not equal to 2∆B 1Si . ∆B 1Si stands for the change of B caused by the presence of one Si atom in the first coordination shell of Taking the above into account, to describe the TMS spectra measured for annealed ternary alloys with bcc structure, in the case of samples with 3 at.% of Cr or Si, four sextets were fitted. The first one corresponds to zero Ni and Cr(Si) atoms located in the neighbourhood of the 57 Fe. The next three are connected with the presence of 1 Ni, 1 Cr(Si) as well as both Ni and Cr(Si) atoms in vicinity of the Mössbauer probe. In the case of alloys with 5 at.% of Cr or Si, one additional sextet which correspond to 2 Cr(Si) was included.
In 57 Fe Mössbauer spectra of Fe-Ni, Fe-Ni-Cr and FeNi-Si samples measured after exposure to air at 870 K for different periods of time, a new subspectra were observed. Three sextets and one singlet were attributed to the presence of α-Fe 2 O 3 and non-stoichiometric Fe 3 O 4 as well as FeO compounds [1] [2] [3] . In particular, the mean hyperfine
The singlet with IS = 0.59(1) mm/s corresponds to nonstoichiometric FeO [14] and two sextets with IS A = 0.24(2) mm/s, QS A < 0.1 mm/s, B A = 49.1(3) T, and IS B = 0.67(3) mm/s, QS B < 0.1 mm/s, B B = 45.9(4) T were connected with iron ions in tetrahedral (A) and octahedral (B) sites of Fe 3 O 4 . Here it should be mentioned that the changes in relative intensities of these two last sextets suggest that the non-stoichiometric Fe 3 O 4 were formed. Finally, the last singlet with IS = −0.05(2) mm/s which appears in TMS spectra measured for Fe-Ni and Fe-Ni-Cr alloys is probably connected with paramagnetic γ'-fcc (low spin) phase [9, 15] . The measured 57 Fe Mössbauer spectra of Fe-Ni, Fe-Ni-Cr and Fe-Ni-Si alloys, fitted using the model described above are presented in Figs. 1-6 . All the IS values presented in this paper are related to the α-Fe standard.
Results and discussion
Fe-Ni results
As the main result of the analysis, the relative intensities I of components for each spectrum were calculated. Taking into account that the relative ratio of the LambMössbauer factors f α−F e : f F eO : f α−F e2O3 : f F e3O4 is equal to 1 : 1 : 1.08 : 1.05 [1, 16] , the fraction c i of absorbing atoms corresponding to the I th component can be calculated using I i and f i values using formula
The computed c i values were used to find c(bcc), c(fcc), c(Fe 2 O 3 ), c(Fe 3 O 4 ) and c(FeO) parameters, which are, respectively, the fraction of absorbing 57 Fe atoms in bcc Fe-Ni alloy, in low spin fcc phase as well as in α-Fe 2 O 3 , non-stoichiometric Fe 3 O 4 and non-stoichiometric FeO compounds. As one can see, in Table I . (4) In Table II , the computed Fe OX values for studied FeNi alloys were compared with TMS data obtained for pure iron treated in similar way [2] . As one can notice, the addition of Ni atoms slightly decreases the oxidation rate of iron atoms. This result confirms the previous observation reported by Channing et al. [9] . Finally, the analysis of the Fe OX values reveals that (Table III) . The exposure to air at 870 K results in α-Fe 2 O 3 forming first on the studied Fe-Ni-Si alloys with subsequent nucleation of non-stoichiometric Fe 3 O 4 . The comparison of data presented in Tables I and III shows that addition of Si atoms to Fe-Ni alloy drastically increases the corrosion resistance. Moreover, during the thermal treatment, in both studied Fe-Ni-Si alloys, a low spin fcc phase is not formed. This result suggests that silicon atoms not only slow down the oxidation process but also stabilize bcc phase at high temperatures.
TABLE III
The obtained from TMS spectra fractions of absorbing 57 Fe atoms in bcc Fe-Ni-Si alloy, α-Fe2O3 and nonstoichiometric Fe3O4 compounds. The standard uncertainties for the c parameters do not exceed 2%. [2] . This fact indicates that addition of Ni atoms to Fe-Si alloys has a negative effect on the oxidation resistance. (Table V) . As one can notice, for this type of material, both oxides grow simultaneously and in the most measured Mössbauer spectra, the fractions of absorbing 57 Fe atoms in non-stoichiometric Fe 3 O 4 are much larger than in α-Fe 2 O 3 . That oxidation behaviour is quite similar to Fe-Cr [3] . The next important observation is connected with the systematic grow of a low spin fcc phase with exposure time. In the case of oxidised Fe-Ni samples, the calculated c(fcc) parameters are small (about 1%) and constant. In the case of studied Fe-Ni-Si alloys a low spin fcc phase is not formed. This suggests that addition of Cr atoms to Fe-Ni increases a probability of bcc to fcc phase transition during exposure to air at 870 K. Finally, the obtained Fe OX values (Table IV) show that for studied Fe-Ni-Cr alloys the oxidation kinetics obey a parabolic rate law described by Eq. (6) (Fig. 8) 
Fe-Ni-Cr results
Conclusions
The 57 Fe TMS measurements allow the observation of chemical and structural changes in studied Fe-Ni, FeNi-Cr and Fe-Ni-Si alloys during their exposure to air at 870 K. The results obtained for Fe-Ni samples confirm that Ni atoms dissolved in α-Fe have a positive effect on corrosion resistance but this effect in comparison to Cr or Si is quite small. In the case of studied Fe-NiCr and Fe-Ni-Si alloys, the addition of Cr or Si atoms improve the corrosion resistance. For both ternary alloys the obtained oxidation kinetics of iron atoms could be described by parabolic oxidation law. The comparison of the estimated quadratic reaction rate constants shows that the corrosion resistance of Fe-Ni-Cr alloys is much worse than Fe-Ni-Si. In particular, the iron oxidation rate for Fe 0.94 Ni 0.03 Si 0.03 is almost 10 times smaller than for Fe 0.94 Ni 0.03 Cr 0.03 . In the case of Fe 0.92 Ni 0.03 Si 0.05 , the oxidation rate was lower by a factor of ≈ 26 than that found for Fe 0.92 Ni 0.03 Cr 0.05 . Moreover, in contrast to Fe-Ni and Fe-Ni-Cr alloys, in Fe-Ni-Si samples which were exposed to air at 870 K, a low spin fcc phase is not formed. Finally, taking all above into account, one can conclude that the addition of Si atoms to Fe-Ni alloy has a much more positive effect on the high-temperature atmospheric corrosion resistance than addition of Cr.
